Alternative splicing (AS) dramatically expands the complexity of the mammalian brain transcriptome, but its atlas remains incomplete. Here we performed deep mRNA sequencing of mouse cortex to discover and characterize alternative exons with potential functional significance. Our analysis expands the list of AS events over 10-fold compared with previous annotations, demonstrating that 72% of multiexon genes express multiple splice variants in this single tissue. To evaluate functionality of the newly discovered AS events, we conducted comprehensive analyses on central nervous system (CNS) cell type-specific splicing, targets of tissue-or cell typespecific RNA binding proteins (RBPs), evolutionary selection pressure, and coupling of AS with nonsense-mediated decay (AS-NMD). We show that newly discovered events account for 23-42% of all cassette exons under tissue-or cell type-specific regulation. Furthermore, over 7,000 cassette exons are under evolutionary selection for regulated AS in mammals, 70% of which are new. Among these are 3,058 highly conserved cassette exons, including 1,014 NMD exons that may function directly to control gene expression levels. These NMD exons are particularly enriched in RBPs including splicing factors and interestingly also regulators for other steps of RNA metabolism. Unexpectedly, a second group of NMD exons reside in genes encoding chromatin regulators. Although the conservation of NMD exons in RBPs frequently extends into lower vertebrates, NMD exons in chromatin regulators are introduced later into the mammalian lineage, implying the emergence of a novel mechanism coupling AS and epigenetics. Our results highlight previously uncharacterized complexity and evolution in the mammalian brain transcriptome.
M olecular diversity derived from alternative splicing (AS) is believed to be critical for the creation of different cell types and tissues with distinct physiological properties and functions (1) . This is particularly relevant to the central nervous system (CNS), which requires a large protein repertoire to generate its intricate and complex neural circuits (2) . Therefore, a comprehensive catalog of AS events and identification of those with potential functional significance are important steps toward understanding the complexity of the nervous system.
Over the past two decades, discovery and characterization of AS events using different technologies have provided important insights into the evolution and regulation of AS (3, 4) . Earlier expressed sequence tag (EST)-based studies revealed the prevalence of AS in mammals (5) . Investigation of these AS events, especially comparison of AS patterns in different species, led to an important observation that AS is rapidly evolving in mammals, with many alternative exons created after the split of primates and rodents (6) . Evolutionarily recent exons in general have low level of inclusion and frequently result in frame shift and premature termination codons (PTCs) in the transcripts which are presumably eliminated by nonsense mediated decay (NMD) (7) . Interestingly, these "evolutionary intermediates" are strikingly different from a subset of potentially functional alternative exons with conserved splicing patterns in different species such as human and mouse, which mostly preserve the reading frame, and have substantially elevated level of conservation in flanking intronic sequences and in the wobble positions of alternative exons (4) . More quantitative analysis of the transcriptome using splicing sensitive microarrays (8, 9) and more recently RNA sequencing (RNA-Seq) (10, 11) further demonstrated a large number of alternative exons under tissue-specific regulation. Interestingly, tissue-specific exons are also associated with higher level of conservation in splicing pattern and sequences across different mammalian species (9, 10) .
Importantly, RNA-Seq allows for digital profiling of the transcriptome at a much greater depth, coverage and resolution, facilitating efficient discovery of new AS events. Recent RNA-Seq studies of different mammalian tissues, including the brain, have concluded that AS will be detected in >90% of multiexon genes in mammals given sufficient sequencing depth (10, 11) . However, this conclusion is based on extrapolation. The sequencing depth of each individual tissue and read length in these
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earlier RNA-Seq studies are relatively limited, so that a large number of hidden AS events remain to be discovered. In addition, as new exons are discovered, it will be important to know how to separate functional AS events from those representing biological or evolutionary noise.
To address these questions, we performed systematic analysis of the mouse cortex transcriptome at different developmental stages by deep RNA-Seq. The functional significance of previously known and newly discovered AS events was assessed by multiple measures, including protein coding potential, CNS cell type-specific regulation, targets of tissue-specific RNA-binding proteins (RBPs) and signatures of strong purifying selection pressure. Information provided by these multidimensional analyses provided a unique opportunity to reveal the complexity of the mammalian brain transcriptome and its functional impact not fully appreciated thus far, and to prioritize a subset of AS events for further investigation.
Results

Extending the Mouse and Human Cortex Transcriptomes by Deep
Sequencing. To survey the mammalian brain transcriptome, we performed deep RNA-Seq of mouse cortex at nine developmental stages spanning E14.5 to 2 y old, which resulted in 987 million paired-end (PE) 101-nt reads. In combination with a second independent dataset from a recent study (1.88 billion single-end (SE) 101-nt reads; ref. 12), our analysis included 390 billion bases in total that provide an unprecedented depth for discovery of AS in the brain (Table S1 ; in comparison, the human BodyMap 2.0 dataset has 342 billion bases distributed over 16 different tissues; ref. 13) .
All RNA-Seq reads were mapped back to the reference genome and exon junctions using OLego (14) . In addition to a provided comprehensive database of annotated exon junctions (referred to as known exon junctions thereafter) derived from existing gene models (RefSeq and UCSC genes), cDNAs and EST sequences, OLego searches for new exon junctions with high accuracy and sensitivity (SI Appendix, Fig. S1 and SI Results). In total, OLego detected 878,526 unique exon junctions, and a majority of them (659,592 or 72%) are newly discovered junctions, as they are not included in 250,993 known junctions currently annotated in the mouse transcriptome (Fig. 1A) . Consistent with the depth of sequencing, 92% of RefSeq exon junctions were recovered, suggesting the high sensitivity of junction detection including in genes with low expression.
To detect AS events, we developed a computational pipeline that combines RNA-Seq and cDNA/EST sequences (SI Appendix, Fig. S2 and SI Methods). This analysis detected 602,701 AS events of different types (single and tandem cassette exons, alternative 5′ and 3′ splice sites and mutually exclusive exons). These events were compared with a comprehensive database of 33,795 annotated AS events identified using only cDNA/EST sequences denoted known AS events (SI Appendix, SI Results). Inclusion of the RNA-Seq data allows identification of 568,906 new AS events from at least 13,748 genes, representing a >10-fold increase compared with known events (Fig. 1B and Table S2 ). Among these, 25,474 known and 421,396 new events have both isoforms reproducibly detected in the cortex (≥2 reads supporting each of the exon junctions), suggesting that 72% of multiexon genes have multiple AS isoforms detectable in this single tissue (SI Appendix, SI Results).
For comparison, we also analyzed the human cortex transcriptome using an RNA-Seq dataset consisting of 977 million PE and 180 million SE 101-nt reads (12) (216 billion bases in total; Table S1 ). A similar expansion in the number of exon junctions (564,364 new vs. 327,444 known junctions) and AS events (479,217 new vs. 90,543 known events) was observed (Table S2 and SI Appendix, Fig. S3 and SI Results). Therefore, new exon junctions and AS events are exceedingly pervasive in the mammalian brain transcriptome.
To demonstrate how the transcriptome complexity is revealed by our analysis, we focused on the Neurexin gene family, which encodes presynaptic cell-adhesion molecules important for synaptic formation. Three members of the family have been studied in detail and are estimated to generate over 3,000 variants through the use of two alternative promoters (α and β isoforms) and extensive AS in each family member (15) (Fig. 1 C-E and SI Appendix, Figs. S4-S6). For example, Nrxn1 was reported to have AS in six different regions of the gene. Our RNA-Seq analysis detected and quantified all these previously described AS events, as well as many additional ones ( Fig. 1 C and D) , including an alternative exon denoted AS6 that was observed recently (15) . Unexpectedly, we observed a third promoter, which we refer to as γ promoter, in a highly conserved region between exons 23 and 24 that would generate a truncated isoform lacking almost all extracellular domains (Fig. 1E ). To our knowledge, this isoform has not been previously characterized, but it is supported by ESTs (SI Appendix, Fig. S4 ) and CAGE (capanalysis gene expression) tags, which mark the 5′ end of mRNA molecules (16) (Fig. 1E) . Interestingly, the use of this promoter increases during brain development (Fig. 1E) . The brain-(and muscle-) specific RBP Rbfox binds extensively downstream of the alternative first exon via a cluster of conserved (U)GCAUG elements as evidenced by a large number of cross-linking and immunoprecipitation (CLIP) tags that capture in vivo protein-RNA interactions (17), although the functional significance of this interaction awaits further investigation.
For more detailed characterization of known and newly discovered AS events, we decided to focus on cassette exons, the most prevalent type of AS in mammals. In total, our analysis identified 146,705 new cassette exon events (compared with 16,034 known events; Fig. 1B ). Many cassette exons have alternative 5′ or 3′ splice sites or are spliced to different flanking exons, resulting in multiple cassette events overlapping with each other. To avoid potential over-counting, we conservatively defined a nonredundant subset by grouping overlapping cassette exons and selecting a representative for each group (SI Appendix, SI Methods). This filtering resulted in 13,500 known and 64,450 new cassette exons that were used for further analysis. The 64,450 newly discovered nonredundant cassette exons can be further divided into three groups: 36,225 (56.2%) cases representing newly discovered skipping of known exons, 3,490 (5.4%) cassette exons overlapping with known exons with altered exon boundaries, and 24,735 (38.4%) cassette exons without overlapping known exons or gene models in the previous annotations.
Coding Capacity and Evolutionary History of Known and New AS Events. To prioritize AS events for further characterization, we compared known and newly discovered AS events using several different measures relevant for functional significance. We first developed a pipeline to systematically evaluate their alternative coding capacity (Table S3 and SI Appendix, Figs. S7-S9, SI Results and SI Methods). For both known and new cassette exons that are evaluable, a substantial fraction (46% and 60%, respectively) introduces frameshifts or in-frame stop codons in the alternative exons so that they are expected to trigger NMD upon exon inclusion (NMD_in) or exclusion (NMD_ex) (Fig. 2) . When we quantified exon inclusion levels, we found that for a majority of AS events (68% and 85% of known and new events, respectively), the minor isoform has low abundance (<10%) and is frequently targeted by NMD (SI Appendix, Fig. S10 A and B) . We also examined the proportion of cassette exons with orthologous sequences including intact splice sites in human, and how this proportion changes with respect to the exon inclusion level. A majority of known and new cassette exons with low inclusion level (<10%) do not have discernible orthologs in human (74% and 85%, respectively; SI Appendix, Fig. S10C ), suggesting they most likely arose after the split of mouse and human during evolution. Finally, 35% of known and 17% new cassette exons in mouse have conserved splicing patterns known or newly discovered in human (Table S4) . Similar results were obtained in the analysis of the complete set of cassette exons in mouse or using human cassette exons as a reference in comparison with mouse exons (SI Appendix, Figs. S10 D-I and S11 and SI Results).
Implications from the observations above are threefold. First, based on the alternative coding capacity, abundance of the minor isoform, and presence of orthologous exons or conserved AS patterns between human and mouse, both known and new AS events represent a mixture of those that are potentially functional and those that are tolerated during evolution without affecting the fitness of the organism, confirming previous observations (4). Second, as evidenced by the quantitative differences between known and new AS events in the measures described above, a larger proportion of new AS events than known events might represent evolutionary intermediates or noisy splicing products. Third, given that a much larger number of new events observed in total, the absolute number of new events that are likely functional might be comparable to or even more than the number of known events. Following these arguments, we went on to estimate the number of new AS events that are potentially functional and identify them by taking several complementary approaches.
Cell Type-or Tissue-Specific Regulation of Known and New AS Exons.
Brain-specific exons make up a distinct group that is frequently conserved across mammalian species (18) . Despite the fact that the brain is one of the tissues with the most cellular heterogeneity, few studies have addressed cell type-specific splicing in the CNS. We recently performed RNA-Seq to compare all major cell types in the CNS that are acutely isolated from mouse cortex, including neuron, astrocyte, oligodendrocytes at different maturation stages (oligodendrocyte progenitor cells, newly formed and myelinating oligodendrocytes), microglia, and endothelial cells (19) . Each of these cell types has distinct molecular signatures at the gene expression and splicing levels, although previous analysis of AS was limited to known events. We therefore extended the analysis to both known and newly discovered cassette exons and identified 3,113 nonredundant cassette exons with cell type-specific splicing, including 1,095 (35%) new events (Fig. 3A) . These new AS events are distributed over different cell types, with the largest number in neurons.
To obtain insights into the underlying regulatory mechanisms of these known and newly discovered neuron-specific exons, we investigated their regulation by several cell type-specific RBPs, with an initial focus on Rbfox and Nova, whose specific enrichment in neurons compared with the other cell types was confirmed in the RNA-Seq data (SI Appendix, Fig. S12 ). Rbfox and Nova are known to regulate AS of neuronal transcripts by activating or repressing exon inclusion depending on their binding position relative to the alternative exon (17, 20, 21) . We found that both known and new cassette exons with neuron-specific inclusion 3B and SI Appendix, Fig. S13 ), which is consistent with activation of these exons in neurons by Rbfox. Similarly, Nova binding sites are enriched downstream of exons with neuron-specific inclusion and upstream of exons with neuron-specific exclusion for both known and new cassette exons (22) (SI Appendix, Fig. S14 ). The analysis above highlights the role of RBPs in determining cell type-specific splicing. To further investigate the specific regulatory effects of RBPs more directly, we examined targets of individual tissue-or cell type-specific RBPs for which deep RNA-Seq data are available to show splicing changes upon their depletion in the CNS. This also allows us to identify known and new AS exons that are under such regulation as a measure of functionality. We first analyzed targets of Ptbp2, an RBP that primarily represses exon inclusion in the nervous system (23), using RNA-Seq datasets that compared wild-type (WT) and Ptbp2 knockout (KO) brains (24) . Conditional depletion of Ptbp2 in the CNS altered splicing of 653 nonredundant cassette exons, including 249 newly discovered exons (38%); a similar proportion (42%) was observed upon conditional depletion of Ptbp2 in the forebrain (Fig. 3C and SI Appendix, Fig. S15 A-D) . To determine whether these splicing changes reflect direct regulation by Ptbp2, we correlated Ptbp2-dependent splicing with Ptbp2 binding sites as determined by CLIP (23) . Both known and new cassette exons with Ptbp2-dependent exclusion have characteristic enrichment of Ptbp2 CLIP tags in the poly-pyrimidine tract, suggesting that the splicing changes reflect direct regulation by Ptbp2 (Fig. 3D) . We also analyzed an RNA-Seq dataset that profiled mouse hippocampi upon depletion of Mbnl2, an RBP implicated in myotonic dystrophy (25) . Again, we observed that a sizeable proportion (53 of 223 or 23%) of Mbnl2-dependent exons are newly discovered (SI Appendix, Fig. S15 E-G).
Known and New AS Exons Under Strong Evolutionary Selection
Pressure. Because it is currently impractical to directly identify all exons regulated by specific RBPs, we explored an alternative approach to infer functionality by evaluating AS events under evolutionary selection in the mammalian lineage. We scored conservation of the wobble positions of the alternative exons together with flanking intronic sequences in 40 sequenced mammalian species, which achieves high statistical power for detecting selection pressure in mammals while avoiding bias toward either coding or noncoding exons (SI Appendix, Fig. S16 , SI Results, and SI Methods).
We initially considered a group of NMD_in exons with conserved AS in human and mouse which have no overlap with any coding sequences. In other words, the function of these exons was maintained simply to induce NMD upon exon inclusion during ∼75 million years of evolution, so they provided a positive control set of functional AS events. As a negative control set, we used exons constitutively spliced in both human and mouse. We found that conservation scores of the wobble positions and intronic sequences together were able to largely separate the positive and negative control exons (Fig. 4A) . We then examined the nonredundant subset of known and new cassette exons in mouse with both orthologous sequences and intact splice sites in human. A Gaussian mixture model (GMM) was used to decompose these exons into two populations: one under selection pressure similar to constitutive exons (C1 population) and the other showing distinct signatures of negative or positive selection to maintain AS (C2 population) ( Fig.  4B and SI Appendix, SI Methods). We estimate that 7,645 cassette exons (16%) are under selection pressure driven by regulated AS, including 2,287 (30%) known and 5,358 (70%) newly discovered AS exons. These evolutionarily constrained AS events accounts for 17% (2,287 of 13,500) and 8% (5,358 of 64,450) of all nonredundant cassette exons that are previously known or newly discovered, respectively. These observations highlight both the tolerance of AS events without apparent evolutionary fitness, especially among those new AS events, and the prevalence of previously uncharacterized, hidden exons under functional selection.
To identify AS events with potentially conserved function in mammals, we used stringent thresholds on conservation scores to define a subset of 3,058 nonredundant, highly conserved cassette exons, including 1,640 (53%) newly discovered cassette exons (Fig. 4 B and C and Table S5 , and SI Appendix, SI Methods). These exons are substantially smaller than constitutively spliced exons (85 nt vs. 114 nt, median), a feature known to be associated with regulated AS exons (4). In particular, 272 AS exons (including 117 newly discovered) have a size ≤ 27 nt, and such microexons have been shown recently to be particularly relevant to neurodevelopment (14, 26, 27) . Therefore, deep survey of the transcriptome allows us to more than double the number of alternative exons that are likely functional.
For instance, the Rbfox2 gene has a 93-nt cassette exon (denoted e6) encoding part of the RNA-recognition motif (RRM), which can be skipped to produce a dominant negative form (28, 29) . Two cryptic exons (e5* and e6*) around e6 were identified recently by detailed analysis of the region, and inclusion of these exons upon overexpression of Rbfox3 was demonstrated to trigger NMD (30) . Our genome-wide analysis detected both exons de novo in both human and mouse and correctly annotated them as NMD_in exons, despite the very low inclusion level (<0.5% in each species; Fig. 4 D and E) . In addition, we discovered a paralogous exon of e6* in the Rbfox1 gene in both human and mouse (SI Appendix, Fig. S17 ), suggesting the ancient origin of this exon, before duplication of the Rbfox gene family. Interestingly, another NMD_in exon (e5#) was discovered at an extremely low level in a conserved region between e5 and e5* in mouse Rbfox2 (Fig. 4D) . Although conservation of this exon is below the stringent threshold we used to define strong purifying selection, the conserved nature of the splice sites and the presence of two conserved PTCs suggest its potential functional significance (Fig. 4F ). In total, 1,014 cassette exons under strong purifying selection (390 known and 624 new) are expected to trigger NMD upon exon inclusion or exclusion. NMD exons overlapping with highly conserved sequences were previously found in ubiquitous splicing factors such as SR and hnRNP proteins, core spliceosomal proteins, and, in some cases, tissue-specific splicing factors (31) (32) (33) , suggesting an autoregulatory mechanism for homeostatic maintenance of the splicing machinery. Our analysis confirmed and extended these observations by identifying 118 highly conserved NMD exons in 84 RBPs, accounting for 21% of all annotated RBPs (34) (Table S5 and SI Appendix, Figs. S18 and S19 and SI Results). Interestingly, in addition to splicing factors, we identified NMD exons in RBPs involved in other steps of RNA metabolism such as 3′-end processing and translational regulation (Table S6 ; see examples in SI Appendix, Fig. S19 and SI Results). Therefore, our analysis suggests that regulation of RBP expression through NMD is more widespread than previously recognized.
AS-NMD Exons in Chromatin Regulators and Their Evolutionary Origin.
To investigate the function of highly conserved AS-NMD exons in a more unbiased manner, we performed gene ontology (GO) analysis. This analysis highlighted genes involved in "mRNA metabolic process" (Benjamini FDR < 4.7 × 10 −18
), as expected. Unexpectedly, a second group of 52 genes encoding chromatin regulators, highly significantly enriched in annotations such as "chromatin organization" and "chromatin modification" (Benjamini FDR < 4.1 × 10 −8 and 1.0 × 10
), was also identified (Tables  S7 and S8 and SI Appendix, Figs. S20 and S21 and SI Results).
Finally, we investigated the evolutionary origin of NMD exons under strong selection in mammals. We focused on those NMD_in exons without overlap with protein-coding exons, because these exons may have arisen de novo during evolution. For comparison, we used constitutive exons and highly conserved alternative coding and NMD_ex exons (Fig. 5 A-E) . Although conservation of a majority of constitutive and NMD_ex exons extends into lower vertebrates ( Fig. 5 C and D) , suggesting their ancient origin, conservation of de novo NMD_in exons are largely limited to placental mammals ( Fig. 5 A and E), and alternative coding exons are in between ( Fig. 5 B and E) . Intriguingly, there appears to be a transition period during the evolution from ancestors of fish to amphibians and land animals when these NMD_in exons were created, likely derived a fitness advantage, and were fixed in the mammalian lineage (Fig. 5E ). Two observations corroborate this finding. First, the size of introns flanking de novo NMD_in exons is roughly half that of those flanking other groups of exons (∼1500 vs. 2500-3000 nt, median; Fig. 5F ), which is consistent with the notion that introduction of a de novo NMD_in exon splits an ancestral intron into two. Second, among the 34 exons (from 32 genes) with extended conservation into lower vertebrates, a majority (21 exons) are in genes involved in RNA metabolism, suggesting the ancient origin of the autoregulatory mechanism (Table S9 and SI Appendix, SI Results). In contrast, most, if not all, de novo NMD_in exons in genes currently annotated as chromatin regulators appear to have evolved in ancestors of placental mammals (Fig.  5A ), potentially correlated with more sophisticated epigenetic regulation of gene expression in these species.
Discussion
A first step to understand the complexity of the mammalian transcriptome is to reveal the atlas of AS events and prioritize the events that are likely functional. To our knowledge, this work represents the most comprehensive survey of AS in the mammalian brain in both sequencing depth and the range of developmental stages included, which allows us to expand the list of AS events over an order of magnitude. Based on current knowledge, there is no indication that a majority of the observed AS events are functional, no matter if they were previously identified in cDNAs/ESTs or only detectable by deep sequencing, although the latter is more likely to include leaky splicing products. On the other hand, previous annotations based on cDNAs/ ESTs may cover only a minority of all functional events due to the limited depth of the data. Our analysis demonstrated that newly discovered AS exons from deep sequencing account for 23-40% of cassette exons under tissue-or cell type-specific regulation. This proportion is likely an underestimate because new AS exons are more likely found in genes of low abundance, e.g., due to restricted expression in specific cell types or clearance of the transcripts through NMD. Splicing regulation for these exons is more difficult to determine. Indeed, by analysis of evolutionary signature, we estimated that a majority (70%) of cassette exons under selection pressure in mammals were not annotated previously. Among highly conserved cassette exons, newly discovered events are more enriched in NMD targets compared with known events (53% vs. 30%, among exons with assigned categories). Many of these NMD exons reside in RBPs including, but not limited to, splicing factors, implying an extensive network of autoregulation and cross-regulation of RBPs involved in essentially all steps of RNA metabolism. The detected inclusion level of some of these NMD exons (e.g., those in Rbfox1/2 genes; Fig. 4 D-F) is extremely low (<1%), and yet the high level of cross-species sequence conservation, independent detection in both mouse and human, and increased abundance upon inhibition of the NMD pathways strongly argue for their functional significance. An intriguing question is whether these exons serve only for fine-tuning homeostatic RBP expression or for regulating expression more dramatically in certain conditions we currently do not know. A potentially revealing experiment, for example, will be transcriptome analysis upon perturbation of tissue-specific splicing regulators in combination with suppression of the NMD pathway. In addition to a greatly expanded list of AS exon that are likely functional, our study led to an unexpected finding revealing the widespread regulation of chromatin regulators through NMD. The impact of chromatin structure and its modifications on AS has been suggested by a number of recent studies (35) . Our analysis implies another side of the coupling between the two processes, which is much less characterized. To our knowledge, this is the first time the general implication of AS-NMD in chromatin regulators has been suggested. In support of this observation, a recent study noted changes in splicing of NMD exons in several genes encoding histone modifying enzymes during terminal erythropoiesis (36) . Regulation of chromatin genes through AS-NMD can potentially provide a feedback mechanism that links epigenetic regulation to RNA processing. Importantly, our phylogenetic analysis tracing the evolutionary origin of these NMD exons suggest that this mechanism was likely introduced in the mammalian lineage during evolution, which is a more recent invention than AS as a mechanism for diversifying the proteome.
Materials and Methods
Wild-type (WT) C57BL/6 male mice at nine different ages from E14.5 to 21 mo were used for sample collection. Total RNA was extracted from whole cortices of individual animals, with duplicates at each age. RNA-Seq libraries were prepared using the TruSeq RNA Sample Preparation Kit V2 (Illumina) and PE 2 × 101-nt reads were generated using the Illumina HiSeq 2000. This dataset has been deposited into NCBI Sequence Read Archive (SRP055008).
In total, we analyzed seven RNA-Seq datasets in this study: (i) mouse developing cortex as described above (PE 101-nt reads); (ii) mouse developing frontal cortex (E11 to 22 mo, SE 101-nt reads) (12); (iii) human developing middle/frontal cortex (PE/SE 101-nt reads) (12); (iv) CNS cell types (PE 101-nt reads) (19) ; (v) Ptbp2 WT vs. KO brains (PE 100-nt reads) (24); (vi) Mbnl2 WT vs. KO hippocampi (PE 40-nt reads) (25) ; (vii) Upf2 WT vs. KO liver (SE 75-nt reads) (37) . In particular, discovery of new exon junctions and AS events in the mouse and human cortex transcriptomes was based on the first two datasets and the third dataset, respectively. A summary of samples in each dataset is provided in Table S1 .
Details of bioinformatics analysis, including RNA-Seq read mapping, detection, annotation, and quantification of AS events, and analysis of evolutionary selection pressure, are provided in SI Appendix, SI Methods. Additional information is provided at the complementary website zhanglab. c2b2.columbia.edu/index.php/Cortex_AS. 
